Abstract-It is difficult to determine the feed radiation center and F/D of the reflector impulse-radiating antenna (IRA) in frequencydomain, due to its ultra-wideband (UWB) property. This paper presents an efficient approach to design the reflector IRAs, via evaluating the transient radiation patterns (TRPs) of the feed for some given different radiation centers. Only one time-domain simulation for the feed is needed in this method. Comparing with the global optimization algorithms, our method is fast and reliable in the design of the reflector IRAs.
INTRODUCTION
The impulse-radiating antennas (IRAs) have many applications in electromagnetic compatibility/electromagnetic interference (EMC/EMI) [1] [2] [3] , ultra-wideband (UWB) communications [4] [5] [6] [7] [8] [9] [10] [11] , target detection and identification [12] [13] [14] , medical therapies and imaging [15] [16] [17] [18] , etc. The paraboloidal reflector has been commonly used as an optical focusing device in the IRAs [1] . Two important conditions should be satisfied in order to obtain the largest bore-sight gain of the reflector IRAs. One is to set the feed radiation center coincident with the optical focal point of the paraboloid. The other is to select a suitable F/D of the reflector basing on the required reflector edge taper [19, 20] . However, it is almost impossible to find the ideal radiation center of the UWB feed in frequency-domain. On the other hand, an accessible radiation pattern, which can synchronously evaluate the amplitude and time-delay of the radiated pulses in time-domain, is not known [6] . Although various numerical methods, such as the finite difference time domain (FDTD) method, have been applied in the design of reflector IRAs, they need to be done for many times and a lot of computing time are required [21] [22] [23] .
In this paper, a fast approach for the design of the reflector IRAs is proposed. The feed's transient radiation pattern (TRP) is defined as the spherical electric field distribution at the peak of the feed boresight radiated pulse. For different radiation centers, the TRPs can be calculated by the compensation of space and time according to the data, which can be obtained via only one time-domain simulation of the feed. For each TRP, the subtended angle of the reflector, which is related to F/D, can be determined with a given reflector edge taper. Finally, an evaluation function is introduced in selecting a proper TRP, which has a gentle attenuation within the subtended angle and decays rapidly outside the angle. The parameters we need to determine are the radiation center and F/D corresponding to the selected TRP. Numerical examples show that our method can quickly obtain the optimal reflector IRA which has the largest bore-sight gain.
The remainder of this paper is organized as follows. Section 2 introduces our method in detail. In Section 3 we discuss the reflector edge taper for the best performance of the reflector IRAs on the boresight, and demonstrate the advantages of our method over several global optimization algorithms. Conclusions are given in Section 4.
THE TIME-DOMAIN APPROACH FOR REFLECTOR IRAS DESIGN
The property of IRAs is to generate a fast-rising field on the aperture and produce an impulse-like far field [24] . Here we focus on the electric field distribution at the peak of the bore-sight radiated pulse of the feed, which is related to the moment that the fast-rising field is generated on the reflector aperture.
The Computation of TRPs
This method for the calculation of TRPs is based on the condition that the UWB feed radiates pulses in certain spatial directions with different time-delay and amplitude attenuation, but without serious distortion.
The approximate radiation center of an axis-symmetric feed will be on the bore-sight and near the feed aperture [25] . As shown in Fig. 1 , the bore-sight of the feed is along the z-axis, the feed aperture center is at the origin O, point C represents the feed's radiation center, L denotes the length of the feed, and usually |CO| < L. The normalized TRP at the point C m can be written as:
where ϕ = 0 • or 90 • represents different observation planes, as well as θ mi = arccos(|C m P i |/|C m P i |) is the radiation angle, the point P i is the projection of P i on the z-axis,
is the amplitude attenuation factor:
where SA(ϕ, θ mi ) = 20 lg ((1 + cos (θ mi )) /2) is the space attenuation factor [26] . t(ϕ, θ mi ) is the time delay factor:
where c presents the light speed.
The Selection of Radiation Center
For a given reflector edge taper ET , the subtended angle θ ms of the reflector can be easily obtained via the corresponding TRP at C m .
Here, θ ms = min(θ ms0 , θ ms90 ). θ ms0 and θ ms90 are the subtended angle of the reflector in the azimuth plane and meridional plane, respectively. The more consistent the feed radiation patterns in the azimuth plane and meridional plane are, the better far-field response of the reflector IRA is [27] . Therefore, a series of radiation centers, which meet the condition |E cm (0, θ ms ) − E cm (90, θ ms )| ≤ IT , are selected first and denoted as the set CS. IT is the inconsistency tolerance, and usually 1 ≤ IT ≤ 2.
Then, an evaluation function is introduced in determining the most suitable radiation center in the set of CS. The evaluation function can be written as:
where the w1 and w2 are the weights. In this paper, they are chosen as 0.9 and 0.1, respectively.
AG(C
here, the minimization of AG requires that the transient electric field within 0 ≤ θ mi ≤ θ ms should attenuate as gentle as possible.
here, the minimization of AR requires that the transient electric field within θ m(s+1) ≤ θ mi ≤ θ mN should attenuate as fast as possible.
The C m corresponding to the min(f ) is the most suitable radiation center, and the F/D can be obtained by:
(a) (b) Figure 2 . Structure of the knife-shape TEM horn.
NUMERICAL RESULTS
The TEM horn has been commonly used to feed the reflector IRAs [28, 29] . In this section, a knife-shape TEM horn [30] , which exhibits good performance from 120 MHz to 1250 MHz, is applied to feed a paraboloidal reflector. The aperture diameter of the reflector is 3 m. The length, width, and height of this feed are 62.5 cm, 5 cm, and 66 cm, respectively. Its structure is shown in Fig. 2 . The Gaussian pulse and Differential Gaussian pulse with the width of 1.6 ns and 2 ns, respectively, are employed to excite the feed. The peak power is 1 W in both pulses.
The Discussion of ET
The feed is simulated by the electromagnetic solver CST MWS, with the angular interval ps = 2 • and the reference radius r = 100 m. The radiation center moves from z min = −500 mm to z max = 500 mm with z = 5 mm. The TRPs are calculated via Equation (1). The radiated pulses with different excitations are shown in Figs. 3 and 4.
When the feed is excited by a Gaussian pulse, the radiated pulses of the feed in the far field exhibit double peaks (see Fig. 3(a) ). The TRPs are calculated for the negative (first) and positive (second) peak moments tp i respectively. The results with different ET are given in Table 1 . The |R · E p | is used to measure the radiation ability of the reflector IRA, where R is the radiation distance (R = 100 m is chosen in this paper), E p presents the single peak value of the radiated pulse on the bore-sight of the reflector IRA in this example (see Fig. 3(b) ).
As shown in Table 1 , the values of |R · E p | for the the first peak are larger than the ones for the second peak. Hence, recording the tp i with the first peak is more effective in our method, when the feed's radiation pulses have multiple peaks. It can also be seen from Table 1 that the radiation centers for the range of −15 dB ≤ ET ≤ −10 dB are close. Table 2 presents the case for the excitation of the Differential Gaussian pulse. Since the radiated pulses of the reflector IRA have double peaks in the far field (see Fig. 4(b) ), the E p is the peak-to-peak value of the radiated pulse. Table 2 . Results with different ET . The feed is excited by differential Gaussian pulse. It can be seen from Table 2 that the radiation centers for the range of −20 dB ≤ ET ≤ −10 dB are close. Thus, the TRPs of them are relatively stable, and the |R · E p | is more sensitive to the F/D. Fig. 5 gives the TRPs corresponding to ET = −10 dB, −15 dB and −20 dB, when the feed is excited by the Differential Gaussian pulse. The corresponding normalized energy patterns of the reflector IRA in the meridional plane are shown in Fig. 6 .
It can be seen from Fig. 6 that the energy is more concentrated on the bore-sight when ET = −10 dB, but the front to back ratio is worse in this case. The side-lobe level of them are almost unchanged. These performances are similar to the conclusion of the frequency-domain reflector antennas design, i.e., −10 dB is recommended for the reflector edge taper to obtain the largest gain on the bore-sight. Furthermore, it can be seen from Tables 1 and 2 that the value of |R·E p | corresponding to ET = −10 dB is the largest. Therefore, the ET = −10 dB is chosen in our method.
The Comparisons with Several Global Optimization Algorithms
In order to show the performance of our approach, we also apply the differential evolution strategy (DES) [31] , Taguchi's method [32] and hybrid-surrogate-model-based EGO algorithm (HSM-based EGO) [33] to optimize the |R · E p | of the reflector IRA respectively. The design parameters are the radiation center and F/D, with the ranges of [−500 mm, 500 mm] and [0.2, 1] respectively. The best solutions obtained by these three algorithms in 10 independent runs are listed in Table 3 .
It can be seen from Table 3 that the results obtained by our method are almost the same as those optimized by the three global optimization algorithms. The little difference between our results and those from the global optimization algorithms might come from the discrete data used in our method, and this difference can be ignored in engineering applications. These comparisons demonstrate that our method is very effective in the design of reflector IRAs.
CONCLUSIONS
An universal approach for the fast design of reflector IRAs is proposed in this paper. We only focus on the electric field distribution at the peak moment for the feed's bore-sight radiated pulse, which is important to the generation of a fast-rising field on the reflector aperture. Only one time-domain simulation of the feed is required for the calculation of TRPs with different radiation centers in this approach. An evaluation function is applied to evaluate the TRPs for a given ET . Numerical examples show that ET = −10 dB is a good choice for obtaining the largest gain on the bore-sight of the reflector IRAs. The comparisons with several global optimization algorithms show that our method is reliable and efficient in the design of reflector IRAs.
